In this work, a diffractive fundamental beam-mode shaper (FBS) element is combined with a Direct Laser Interference Patterning (DLIP) optical setup to generate a square-shaped top-hat intensity distribution in the interference volume. The interference patterns produced by a symmetrical 4-beam DLIP setup with Gaussian and Flat-top intensity distributions are measured and characterized. The impact of misalignments in the optical setup on the resulting intensity profile is analyzed and supplemented by theoretical calculations of the distorted interference patterns. Finally, top-hat shaped interference patterns can be introduced and utilized in order to generate surface patterns with improved homogeneity which eventually will lead to an improved performance in applications with functionalized surfaces.
Introduction
Laser surface texturing (LST) technologies are capable to improve different surface properties such as wettability, self-cleaning, tribological and antifouling [1] [2] [3] [4] [5] . This can be traced back to the capability of LST technologies to produce surfaces with well-controllable topographic characteristics. Out of the available LST methods, Direct Laser Interference Patterning (DLIP) has emerged as a promising technology capable to produce high resolution microtextures with high throughput [6, 7] .
DLIP enables the direct fabrication of flexible periodic surface patterns with a well-defined long-range order based on interference principles. Laser material interaction occurs predominantly at the positions corresponding to the interference maxima, inducing various metallurgical processes such as melting, ablation and recrystallization [7, 9] . Since the local intensity at the interference maxima positions is directly connected to the intensity distribution in the laser beam profile, non-uniform surface textures may arise due to non-uniformities of the input laser beam.
Most commercial lasers provide beams with Gaussian or TEM00 intensity distribution. This intensity profile preserves its distribution during propagation and it can be focused to a diffraction-limited spot. However, the energy distribution of the Gaussian beam gradually decreases from the center to the periphery of the laser spot, so that only 36.8% of the pulse energy is used efficiently for the optimal focus spot size [10] . Consequently, nearly two-thirds of the used laser power located at the edges of the spot by simultaneously being above the threshold fluence level is wasted. This leads to unwanted damages of the surrounding material by uncontrolled melting and an enlarged heataffected zone (HAZ) during DLIP. Another disadvantage of the Gaussian beam profile is the footprint of the ablated zone, which possesses a round shape and causes an inhomogeneous profile along the processing line [10] . This is usually circumvented by an increase of the pulse-to-pulse overlap which leads to an improved pattern homogeneity but at the same time to a low throughput [6, 11] . Therefore, to decrease the HAZ and to improve throughput, reshaping of the Gaussian laser beam into a uniform square-shaped intensity distribution with sharp edges is required for DLIP processing which improves the throughput due to a substantially reduced pulse-to-pulse overlap.
This article describes the possibility to generate a square-beam with top-hat laser intensity distribution in the interference zone by using a fundamental beam-mode shaper (FBS) applied to a 4-beam DLIP setup. The adjustments of the system and the resulted interference patterns are examined. The origin of the appeared non-uniformity intensity distribution is determined experimentally and supplemented by simulation.
Theoretical background 2.1 Interference theory
DLIP implements physical phenomenon of interference of coherent light waves to produce periodic structures on surface by transferring the pattern shape directly to the material [12] [13] [14] [15] [16] [17] [18] . The interference patterns are formed by splitting a coherent laser beam into multiple beams and hereafter overlapping them on the surface of the sample. The shape of the produced interference pattern is determined by the number of laser beams, their polarization, phase, energy and distribution [17] [18] [19] [20] . There are two important require-DOI: 10.2961/jlmn.2018.03.0021 ments for formation of periodic structures using the DLIP method. First, the material should absorb the energy at the selected laser wavelength and second, the laser should provide sufficient pulse energy for direct ablation or modification of the processed material.
Under the assumption of plane waves, the total electric field (E) of the interference pattern can be obtained by the superposition of N laser beams:
where is the amplitude, ⃗ is the polarization vector, = 2 / is the wave number, λ is the wavelength, is the frequency and is the phase of the electric field, �⃗ is the unit vector in the propagation direction, ⃗ is the position vector [18] .
Then, the total intensity of the pattern formed by interference of multiple waves with plane wave-fronts can be described as [21] :
where is refractive index, is the speed of light in vacuum and 0 is the permittivity of free space. For a 4-beam DLIP setup (N=4), where each of the sub-beams is symmetrically distributed around the optical axis (see Fig. 1a ), a periodic square-lattice shaped intensity distribution result (Fig. 1b) . The period of the profile depends on the polar angle and the wavelength according to: 
Principle of fundamental beam-mode shaper
The fundamental beam-mode shaper is a diffractive optical element which generates a square top-hat intensity distribution in the focal plane of the focusing lens by redistributing irradiance and phase of the wave front [22] [23] [24] [25] . The depth of focus is maintained and comparable to the Rayleigh length of the focused Gaussian beam without the FBS element (see Fig. 2 ) [22, 24] . The efficiency of the FBS element is 95% in an area limited by 1/e² level, where only 5% of the laser energy is wasted in the tail region. The areal uniformity of the top-hat profile is ± 2.5%. The FBS approach requires specific input laser beam parameters. The input laser beam must of high beam quality ( 00 , 2 < 1.4) with a particular beam diameter of 4 mm with ± 5% tolerance [22, 24] . 
Experimental details
A schematic representation of the experimental DLIP setup is shown in Fig. 3 which includes a nanosecond (ns)-pulsed laser system (Laser Tech 1053 Advanced, Laser Export) working at 1053 nm with a maximum average output power of 4 W (4 kHz repetition rate). The FBS beam shaper (TOPAG Lasertechnik GmbH) was integrated infront of the 4-beams DLIP optical configuration [26] , which consists of a 4-beams splitter DOE (separation angle 13.58°× 13.58°), a pyramid prism (apex angle 138.4°) and a focussing lens (EFL=100 mm). A confocal telescope with (× 4) magnification was used to provide a 4.0 mm beam diameter at the FBS element. Finally, a CCD profiling camera (Spiricon Laser Beam Diagnostics, SP620U) with beam profile analyzing software (Spiricon's BeamGage ®) was employed in order to characterize the resulting DLIP pattern intensity distributions. Additionally, a optical filter (OF) was utilized to reduce laser power before CCD profiling measurements (to prevent damages of the CCD sensor). 
Results and discussion
The impact of the FBS element on the resulting DLIP pattern, the tolerance of the experimental setup to misalignments as well as the effect of optical aberrations on the beam wave front has been studied in a set of experiments.
First, the 0 th and the 1 st order top-hat beam profile including the interference pattern were obtained and the effect of beam collimation on the resulting beam profile was examined. Second, the periodicity of linear defects was investigated by introducing well-defined misalignments in the DLIP optical setup. The propagation of these defects from Gaussian beam profile to top-hat profile was simulated employing an optical ray-tracing approach and verified experimentally.
Interference top-hat intensity distribution
The beam profile of the used ns-pulsed laser was measured by the CCD camera at the targeted position of the FBS element and adjusted to a beam diameter of 4.0 mm (at 1/e² level) by optimizing the beam expander (see Fig. 4b ). In the 4-beam DLIP setup, the distance between DOE and pyramid was set to 55 mm which results in an overlapping angle of 7.13° and a spatial period Λ of 6.0 µm. In general, when the interference plane is near the focal plane, the resulting spot diameter is small with a characteristic size in the range of the diffraction limit. However, this is not preferred during DLIP processing since working in focus is typically accompanied by uncontrolled melting due to high laser fluences as well as low processing speeds due to the small spot sizes. Consequently, optimal processing requires a working position out of focus to achieve welldefined interference patterns as well as high throughputs.
This can be realized by achieving a slightly noncollinear orientation of the laser beams with respect to each other before the focusing lens (see Fig. 4a ) which shifts the interference zone above the focusing plane. However, no top-hat intensity distribution was observed at the interference plane since the FBS element is designed to obtain the top-hat intensity distribution at the focal position. As shown in Fig. 4c , the characteristic 4-beam interference pattern was obtained, but the envelope of the intensity distributions follows still a Gaussian distribution.
A closer analysis of the top-hat beam profiles at the focal plane (denoted as 0 th order top-hat profile, see Fig. 4e) and before the focal plane (denoted as 1 st order top-hat profile, see Fig. 4d ) revealed that the 1 st order top-hat profile is two times larger than the 0 th order top-hat profile. Although the 1 st order top-hat profile exhibit stronger deviations in the areal uniformity of the laser energy, it is still interesting for alignment as well as processing since a larger area permits to achieve higher throughputs. In order to control the position of the top-hat profile, which means to bring the top-hat intensity distribution into the interference plane, a controlled de-collimation of the input beam was performed by moving two lenses of the beam expander apart (see Fig. 5a ). The resulting interference patterns are shown in Fig. 5b and 5c , corresponding to the 0 th and 1 st order square-shaped top-hat intensity distribution, respectively. It turns out that although the FBS element is designed for a collimated input beam, its functionality is still preserved to a certain degree of de-collimation introduced by the telescope. The obtained interference patterns at the interference plane with and without the FBS element are exemplified in Fig. 6 . For the Gaussian intensity distribution (without FBS), each measured interference maxima shows a different peak intensity. This can be changed by using the FBS element, which results in seven comparable interference maxima intensities (while two other maxima exhibit approximately half of the intensity).
Alignment of the optical components
In a second set of experiments, the impact of misalignment of the optical components on the resulting interference profile was investigated. Different misalignments were tested including the beam splitting element (DOE), the beam aligning element (Pyramid) as well as the focusing lens. Within all analyzed cases, it was found that misalignments in the pyramid tilt angle leads to the biggest effect on the measured interference intensity profiles. The influence of misalignments for the other elements will be investigated in more detail in the future. In Fig. 7a-c , the resulting interference profiles measured for different pyramid tilt angles are depicted for the DLIP setup without the FBS element. When the tilt angle of the pyramid equals 0°, the resulting interference intensity profile shows a uniform periodic appearance with Gaussian intensity envelope. However, when the pyramid is tilted by 0.28° and 0.56°, the uniformity of the resulting profile is strongly disturbed (see Fig. 7b and Fig 7c) highlighting that a well-defined alignment of the optical components is crucial. Note that the uniformity of the interference intensity profile is modulated in the direction of the pyramid tilting while the intensity envelope of the spot preserves its Gaussian profile.
A similar outcome was also observed in the case of a top-hat beam distribution employing the FBS element. As depicted in Fig. 7d-f , small tilting angles of the pyramid results in strong irregularities of the interference intensity distributions. The observed distortion of the intensity distribution exhibits a distinct periodicity within the laser spot which depends on the pyramid tilting angle, as exemplified in Fig. 8 .
To better understand the origin of the periodic intensity distortion, the influence of the pyramid tilting angle on the propagating sub-beams within the DLIP setup was analyzed in more detail. By using the optical design software Zemax (OpticStudio 15), the deflection of the sub-beams within the optical system is highlighted for a well-defined prism tilting angle (see Fig. 9 ). It can be seen that the tilting of the prism strongly affects the propagation of one of the four interfering beams (bottom beam in Fig. 9 ). As a result, the symmetry of the beam distribution after the focusing lens is disturbed. The impact of the asymmetrical beam distribution on the interference intensity distribution was supplemented by theoretical calculations based on Eq. (1). Therefore, 3 of the 4 beams were distributed symmetrically around the optical axis (with an intercepting angle of 1-3 = 6°) while the intercepting angle of the 4 th beam was increased by 1° (which results in 4 = 7°). Both, the experimentally measured and theoretically calculated profiles are presented in Fig. 10 . metry in the distribution of the interfering beams results in the modulation of the uniformity in the final beam profile.
Summary
The diffractive beam shaping optics, which applies FBS principle to generate square-shaped top-hat beam profile, was used with a 4-beam DLIP setup and analyzed with respect to compatibility. It was shown that in order to achieve interference profiles with square shaped top-hat energy distribution, the focal and interference plane has to be harmonized. This was done by a controlled disbalancing of the used beam expanding telescope system which results in a de-collimation of the input beam. It was also found that the 4-beam DLIP system is susceptible to optical misalignments leading to periodic modulations of the interference profile. The origin of the observed periodic modulations was traced back to tilts of the pyramid in the DLIP setup which highlights that a proper alignment is crucial for 4-beam interference. The insights were supplemented by theoretical simulations showing very good agreement with experimental measurements of the interference intensity profile. Finally, an optical system capable to produce square shaped 4-beam interference energy distributions with flat-top intensity envelope was proposed and demonstrated.
